Abstract -Understanding predator-prey dynamics requires an understanding of how prey assess predation risk. This study tested the effect of microhabitat, moon stages, and mammalian predator urines (Vulpes vulpes [Red Fox], Mustela vison [Mink], and Procyon lotor [Raccoon]) on the degree of predation risk perceived by Peromyscus leucopus (White-footed Mouse). Giving-up densities from artifi cial food patches were used to quantify perceived predation risk. White-footed Mice exhibited a strong preference for cover microhabitat and for the new moon stage. However, the mice did not signifi cantly alter their foraging behavior in response to the predator urines compared to a water control. Additionally, mice foraged less on colder nights. The results suggest that mammalian predator urines may not provide reliable information on actual predation risk for the White-footed Mice and that the mice extensively use indirect cues to assess predation risk.
Introduction
Perceived predation risk affects an animal's decision-making process across several axes of behavior (e.g., foraging, mating, and parental care [Caro 2005, Lima and Dill 1990] ). During periods of higher perceived predation risk, animals may alter their behavior in many ways, such as avoiding riskier areas or decreasing their activity level (Caro 2005, Kats and Dill 1998) . The consequences of these altered behaviors can shape population and community dynamics (Lima 1998) . Several theoretical studies have explored the ecological effects of anti-predator behavior on community interactions (Bouskila 2001 , Brown 2001 , Luttbeg and Schmitz 2000 , Luttbeg and Sih 2004 . However, a crucial assumption of these models is that prey possess the ability to assess and update their estimates of predation risk. Therefore, a key component in understanding the ecological effects of antipredator behavior is to understand how prey assess predation risk.
Most prey probably use indirect cues to estimate predation risk. For example, many animals appear to alter their activity in response to temporal (e.g., night vs. day) and spatial characteristics (e.g., forest vs. grassland, under a shrub vs. in the open) that may be associated with different degrees of predation risk (Brown and Kotler 2004 , Caro 2005 , Lima 1998 ). Prey can also use information from direct cues (e.g., odor or sound of a predator) for estimating predation risk (Kats and Dill 1998) . Indirect cues probably represent relatively static rules of thumb and provide limited information.
Direct cues have the potential to provide a variety of information including predator type, predator state, and likelihood of a predator encounter (Kats and Dill 1998 , Laurila et al. 2004 , McNamara et al. 2005 .
Rodents have been shown to use indirect cues to assess predation risk. Studies have shown that microhabitat, habitat, lunar cycle, and time of day can affect a rodent's perceived predation risk (Brown and Kotler 2004 , Caro 2005 , Lima and Dill 1990 . In general, less is known about responses to direct cues. Detection of mammalian predators is likely to occur mostly via olfaction (Herman and Valone 2000 , Jedrzejewski et al. 1993 , Ward et al. 1997 . Nolte et al. (1994) suggested that prey may use odors associated with sulfurous metabolites from meat digestion as indicators of a predator presence. However, previous studies have shown mixed responses of prey to urine and feces of mammalian predators (Hayes et al. 2006 , Herman and Valone 2000 , Kats and Dill 1998 , Orrock et al. 2004 .
In this study, I examined the effects of indirect (microhabitat and moon stage) and direct (predator urines) cues of predation risk on the foraging behavior of Peromyscus leucopus (Rafi nesque) (White-footed Mouse). By measuring patch use in artifi cial foraging patches, I fi rst tested for differences between microhabitats (under a shrub or in the open) across two lunar cycles. Then, during a waning moon stage, I measured the patch use of mice in both microhabitats when exposed to the urine of Vulpes vulpes L. (Red Fox), Mustela vison Schreber (Mink), and Procyon lotor L. (Raccoon), and to a water control.
Methods

Study site and study species
The study was conducted during White-footed Mice are abundant in the mixed forests of the eastern United States and were common at the study site. These omnivorous rodents are prey to various mammalian predators. Mink are a major predator of White-footed Mice (Korschgen 1958, Mumford and Whitaker 1982 ), but are rare at the Ross Reserve. Red Fox are common at this site (B.G. Fenson, pers. observ.) and can prey heavily on White-footed Mice (Mumford and Whitaker 1982) . Raccoon are also present at this site, but are not primary predators of White-footed Mice (although occasional predation events have been documented; Mumford and Whitaker 1982) .
Experiments
The use of foraging patches has become a common tool for measuring perceived risk in animals (Brown and Kotler 2004) . Patch-use theory predicts that a forager should leave a patch when the harvest rate diminishes to the point that it equals the foraging costs (including predation, energetic, and missed-opportunity costs) (Brown 1988) . At this point, the amount of food left in the patch (called giving-up density; GUD) provides a surrogate for the quitting harvest rate. Thus, by manipulating only the predation costs, it is possible to obtain a quantitative measure of perceived predation risk by comparing GUDs between patches (Brown 1988) .
For the foraging patches, I used one-gallon plastic milk containers with the lids on (14 x 14 x 23 cm). I cut a hole in the bottom and fi tted a PVC pipe (6 cm in diameter by 15 cm in length) into the hole to act as an entrance for the mice. I then thoroughly mixed 10 g of small popcorn seeds into 1.5 L of dry sand and added it to the foraging patch. The container was then laid on its side with the PVC pipe angled to provide a ramp into the container. The milk containers allowed ambient light in, but protected the sand from moisture. Mice were accustomed to foraging in these kind of patches, which had been used in previous studies in this area.
To manipulate indirect cues, I tested for differences in perceived risk under cover and in open microhabitats during two lunar cycles (early Dec through late Jan). I collected three days of data for both the waxing and waning stages (moon disc 70% illuminated; 2 sequential days for first lunar cycle, one for the second cycle), two days of data during the full moon stage (moon disc >95% illuminated; one day for each lunar cycle), and three days during the new moon stage (moon disc <5%; sequential days between the two full moons). For the experimental setup, I haphazardly placed six stations in secondary forests and another six in primary forests (>50 m between nearest stations). At each station, I placed one foraging patch in a cover location (under a pile of honeysuckle branches and leaves) and another patch 1 m away in a more open location. During the experiment, I mixed seeds into the sand <1 h before sunset and allowed the mice to forage all night. In the morning, I capped the PVC pipe to prevent any foraging during the day. The next evening I collected the remaining seeds and re-charged the patch. The collected seeds were cleaned and weighed (±0.1 g) to measure GUDs. Finally, minimum nightly temperatures were recorded.
For the direct cue experiment, I used commercially obtained urines of three different mammals: Red Fox, Mink, and Raccoon. I selected fox urine because foxes are a current predator for this population and Mink urine since Mink are a historically common predator. The Raccoon is abundant throughout the Ross Reserve and is not a major predator; therefore, the Raccoon urine represented a urine control. Finally, I used water as the sham control. Since mice may perceive the risk of the direct predator cues differently depending on the microhabitat, I also tested for a microhabitat by scent interaction. The results from the previous experiment revealed avoidance of patches during the waxing and full moon stages, so I chose to conduct this experiment during the waning and new moon stages of the lunar stage in order to get high response rates.
The experimental setup was similar to the indirect cue experiment. I used the same foraging patch design and the same stations as the fi rst experiment. I used a replicated Latin square design with night (x4) and station (x4) as blocking factors and scents as the treatment factor. A set of four stations was used in each replicate, thus giving three replicates (12 stations). During a waning moon stage, I applied a different scent each night to the whole station (both cover and open microhabitats). At each foraging patch, a metal wire with a hook was placed into the ground near the entrance (<10 cm). On the hook, I placed a strip of absorbent cloth that had been sprayed ( 0.5 mL) with the specifi ed scent treatment (the urine had been warmed to 38 ºC to mimic mammalian body temperature). The treatments were applied <1 h before sunset. The following day I collected the remaining seeds, removed the cloth strip, and wiped down the wire with isopropyl alcohol (for all treatments). I then reran the above experiment during the following new moon stage, resulting in each station receiving two applications of each scent.
Trapping
To confi rm the identify of the foragers and the number of individuals at a station, I live-trapped at the end of each experiment for two nights (total of four nights). At each station, I baited three Sherman live-traps with millet and corn seeds, giving a total of 144 trap nights. All stations had at least one White-footed Mouse individual, with three of the 12 stations having more than one mouse (up to three). No individual was caught at multiple stations, and no other species were caught.
Statistical analysis
I performed two separate mixed-model analyses using PROC MIXED (SAS 9.1; Cary, NC). For the lunar data, I created a mixed linear model with microhabitat and moon stage as the fi xed factors. For the scent data, I created a mixed model with microhabitat and scent type as the fi xed factors. Additionally, since the ambient temperature can affect the energetic costs of foraging (Brown 1988 , Kotler et al. 1993 , I added in nightly minimum temperatures as a covariate to both models. To test for the potential problem of carryover effects with the scent data, I initially included an additional factor that included the previous treatment type (see Littell et al. 2006) . After running the model, this effect was found to be nonsignifi cant (P = 0.54) and was removed.
All stations most likely had the same individual(s) foraging in both patches at a station. Additionally, patches foraged temporally closer should be more correlated than patches further apart in time. To deal with these covariations, I included station and night as random factors and then modelled the residual correlation matrix using the spatial power law ("sp[pow]" in MIXED). This method is similar to a fi rst-order autoregressive correlation, but is applicable for unequally spaced data (Littell et al. 2006) . I then applied a Kenward-Roger correction to the denominator degrees of freedom (Littell et al. 2006) . I visually inspected all residuals for normality and homoscedasticity assumptions, and no transformations were needed for either model. For any significant factors, I performed post-hoc comparisons of the least square means, and to control for Type I error, I applied a Tukey-Kramer adjustment to the P-values. All means are displayed with ± SE, unless otherwise indicated.
Results
Microhabitat and moon stage
Microhabitat and moon stage appeared to have a strong effect on GUDs (F 2,85.9 = 6.66, P = 0.012; F 2,5.99 = 6.42, P = 0.027, respectively); however, there appears to be no strong interaction between the two variables (F 3,115 = 1.77, P = 0.16; Fig. 1 ). Mice foraged patches in the cover microhabitat to lower GUDs than in the open microhabitat (5.39 ± 0.74 vs. 6.17 ± 0.74 g), and there was no strong evidence that this preference or the magnitude of the difference changed with different moon stages; however, moon stage did affect the overall pattern of foraging. Mice foraged 100% of the patches during the new moon stage, 68% of the patches during the waning stage, 50% during waxing stage, and 29% during the full moon. The new moon stage and waning stage had the lowest mean GUDs and did not differ signifi cantly from each other ( x = 2.05 ± 1.25 g; t 6.91 = 1.64, P = 0.428). However, new moon did differ signifi cantly from waxing ( x = 4.18 ± 1.24 g; t 6.57 = 3.40, P = 0.05) and full moon ( x = 6.43 ± 1.70 g; t 5.96 = 3.78, P = 0.04) stages. However, after Tukey adjustments, waning stage did not differ signifi cantly from waxing ( x = 2.14 ± 1.19 g; t 5.67 = 1.79, P = 0.36) or full ( x = 4.39 ± 1.67 g; t 5.45 = 2.64, P = 0.13) stage. Finally, nightly temperature had a signifi cant negative relationship with GUDs ( = -0.22 ± 0.04 g/ºC; F 1,54.9 = 33.15, P < 0.001).
Microhabitat and scents
Overall, 91% of the 168 patches were foraged over the seven nights. Only two of the 84 stations had no foraging activity. GUD results showed no strong evidence that the predator urine affected their foraging behavior (F 3,25.4 = 2.05, P = 0.13). Interestingly, the water treatment had the highest mean GUDs (5.11 ± 0.60 g), followed by Raccoon (4.9 ± 0.60 g), Mink (4.2 ± 0.60 g), and fox (3.82 ± 0.60 g) treatment. However, water and fox GUDs were not signifi cantly different ( x = 1.30 ± 0.58 g; t 26.3 = 2.25, P = 0.14). The water treatment mean was very similar to the waning stage mean in the fi rst experiment ( x = 0.44 ± 0.71 g; t 14 = 0.62, P = 0.54). The mice did have lower GUDs in the cover compared to the open microhabitat (3.56 ± 0.52 vs. 5.46 ± 0.52 g, respectively; F 1,10.6 = 22.48, P = 0.0007). I found no strong evidence that microhabitat affected the scent preference of the mice (F 3,117 = 0.23, P = 0.88). Similar to the previous experiment, temperature also had a negative effect on GUDs ( = -0.42 ± 0.09 g/ºC; F 1,4.65 = 22.00, P = 0.007).
Discussion
The objective of this study was to examine a forager's use of indirect and direct cues of predation risk. Moon stage and microhabitat had strong effects on the foraging behavior of White-footed Mice. The mice foraged patches more thoroughly during the new moon stages and when foraging under vegetation. No strong support existed that mice foraged the microhabitats differently during different moon stages. In contrast to the strong effects of the indirect cues, the direct due of predator scent had little effect on foraging behavior during the waning and new moon phase.
Minimum nightly temperature positively affected the foraging behavior of the mice. A similar relationship between temperature and GUDs has also been found with gerbils (Kotler et al. 1993) . One likely explanation is that higher energetic costs of thermoregulation lead to higher foraging costs. Nightly temperatures ranged from -14 ºC to 10 ºC, resulting in metabolic rates from 12 to 6 cm 3 O 2 (g*h) -1 , respectively (Wickler 1980) . Patch-use theory predicts that as energetic costs increase, an optimal forager should quit a patch at a higher harvest rate, assuming a constant marginal rate of substitution (that is, no change in the value of energy for the animal) (Brown 1988) . Another possibility for this trend is the potential confounding effect of cloud cover. I avoided collecting data on completely cloudy nights, but some nights had a notable amount of cloud cover (up to 80%). Nightly temperature may be positively correlated with cloud cover; therefore, mice would have experienced reduced energetic costs on warmer nights as well as reduced predation risk associated with less moon illumination. However, using meteorological records, I isolated warm clear nights and the residuals for those days were close to the regression line between GUDs and temperature, suggesting that this explanation is not likely.
Microhabitat has been frequently shown to affect the foraging behavior of rodents (Brown 1988 , Kotler et al. 1993 , Orrock et al. 2004 . The common explanation is that there is differential predation risk between the microhabitats (Brown 1988 , Kotler et al. 1993 , Morris 1997 . The preference for cover microhabitat is very common when the main predators of a rodent are avian and mammalian. In contrast, snakes often hunt in cover microhabitats and can cause rodents to prefer open microhabitat (Bouskila 1995) . At this study site, both foxes and owls are very common, and no snakes were present during this wintertime study. Thus, differences in predation risk most likely explain these preferences.
Similarly, for nocturnal rodents, lunar illumination can be associated with higher predation risk, increasing the detection abilities of highly visual predators, such as owls and mammals (Clarke 1983 , Kotler et al. 1991 . In this study, White-footed Mice had lower GUDs during the new moon than during the waxing and full moon stages, probably due to lower predation risk during new moon stage. Several studies using differing techniques have found similar behavioral responses between full vs. new moon stages for White-footed Mice (Bowers and Dooley 1993 , Clark and Kaufman 1991 , Jekanoski and Kaufman 1995 . However, two studies found no effect of illumination levels on behavior. Barry and Francq (1982) found evidence that White-footed Mice did not avoid higher illumination areas. Schmidt (2006) found White-footed Mice ate similar number of seeds during new and full moon stages; however, the mice did forage fewer seeds during the full moon than the new moon if an owl call was played during the night.
For the direct cues, predator urine did not have a signifi cant effect on foraging behavior. A potential concern of any experiment is that the results are an artifact of the design. This experiment implemented a Latin square design that could potentially have carryover effects (that is, previous treatment has subsequent effects on next treatment). However, two pieces of evidence suggest little or no carryover effects. First, the water control mean GUD (5.1 g) in the scent experiment was very similar to the mean GUD during the waning moon stage (4.7 g) in the previous experiment, suggesting that adding a scent did not result in all patches being foraged less. Second, I statistically tested for the effect of the previous treatment on the next night's GUDs and the result was not signifi cant. Thus, I believe that carryover effects are probably not a major concern in this study.
Another potential concern is the power of the design. I conducted a retrospective power analysis using observed variances and actual sample sizes (Thomas 1997) . For pairwise comparisons with a Tukey-adjusted , an effect size of 1.0 g and 2.1 g had 20% and 80% power, respectively. To put this into perspective, microhabitat had an effect size of 1.9 g, and between full and new moon, the effect size was 6.6 g. Consequently, I feel that the design had suffi cient power to detect modest to large effects of scents.
The scent results do match a similar study with Peromyscus polionotus (Wagner) (Oldfield Mouse), in which the mice did not show any response to mammalian predator odors (Orrock et al. 2004) . In that study, they used Lynx rufus (Schreber) (Bobcat), Vulpes sp. (fox), Canis latrans Say (Coyote), and Felis pardalis L. (Ocelot) urines for their predators. However, a potential caveat to the results in both studies is that GUDs were measured only during waning and new moon stages. Schmidt (2006) found that the White-footed Mice only altered its foraging behavior in response to owl vocalizations during the full moon and not the new moon. Therefore, there may be non-additive effects between indirect and direct cues. In other words, the effect of direct cues may vary depending on the lunar phase. This study looked only for such non-additive effects between microhabitat and scents, which were not found. Thus, it is possible that response to predator scents may change across moon stages.
The results from this study agree with a recent meta-analysis that analyzed the effect of indirect and direct cues of predation risk on GUDs (Verdolin 2006) . The meta-analysis revealed that odor (and actual presence of a predator) had no significant effect on GUDs, but habitat structure had a large, consistent effect on GUDs. The inconsistency in the effects of predator presences and odors suggest that probably no simple rule exists for how prey exploit direct cues of a predator. Using a theoretical model, McNamara et al. (2005) showed that a bird should change its foraging behavior depending on the nature of the information provided by an exposure to a predator. For instance, an encounter with the scent of a predator may indicate that it is still around and more likely to be encountered (e.g., Accipiter nisus (L.) [Eurasian Sparrowhawk]; Cresswell 1996) , or it may provide no information on the probability of re-encountering the predator if the predator moves through the environment haphazardly (e.g., Accipiter striatus Vieillot [Sharp-shinned Hawk]; Roth and Lima 2007) . Thus, studying the foraging and movement behavior of an animal's predator should help predict the usefulness of direct cues to its prey.
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